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SOR many anurans, onset of the breeding
season is marked by prominent male vocalization. As reviewed by Littlejohn (1977) and Wells (1977a, b), these calls have been shown to be species typical and to function for certain species as mate attraction signals, as territorial signals and as an agent for reproductive isolating mechanisms. Neurophysiological studies have suggested a mechanism which helps explain how conspecifics differentially respond to their species' vocalizations; the phonoreceptors of some anuran species are "tuned" to the emphasized frequencies in the conspecific call(s) (Capranica, 1976 COPEIA, 1983 , NO. I dence also suggests that the signal-receptor system may be doing more than insuring species recognition. The phonoreceptors of some anurans are sufficiently selective to differentiate among a gradation of acoustical (spectral and temporal) qualities (Capranica, 1965 (Capranica, , 1966 (Capranica, , 1968 Frishkopf et al., 1968) . Thus, it seems quite likely that the peripheral auditory nervous system could provide the basis for discrimination between the calls of conspecific males. The bullfrog (Rana catesbeiana) ear, for example, demonstrates the ability to distinguish among conspecific calls. Frishkopf and Goldstein (1963) and Frishkopf et al. (1968) found that the peripheral auditory apparatus contains two distinct sound receptors, the basilar and amphibian papillae. The basilar papilla is innervated by non-inhibitable simple neural units which are tuned to "high" frequencies (1,300-1,500 Hz), whereas the amphibian papilla is tuned to frequencies below 1,000 Hz (Feng et al., 1975) . There are actually two subpopulations of fibers which derive from the amphibian papilla: 1) one population is optimally excited by frequencies in the range 200-500 Hz all, of which can be inhibited by energy in the midfrequency range 500-1,000 Hz and 2) a second population on non-inhibitable fibers which can only be excited by tones in the mid-frequency range. Thus, sound with greater energy in the low-frequency than in the mid-frequency range will excite the low-frequency fibers to a greater degree than the mid-frequency fibers. On the other hand, sounds with greater relative energy in the mid-frequency range will predominantly excite the mid-frequency fibers while suppressing the low-frequency fibers. Capranica (1965 Capranica ( , 1966 Capranica ( , 1968 found that the sensitivity of the bullfrog's phonoreceptors to a bimodal spectrum (low-and high-frequency ranges) matched that of the species' advertisement call. He also found a spectral difference between calls of large and small males. While the advertisement call of large males had maximum energy in the low 200-500 Hz and high 1,300-1,500 Hz ranges, the calls of small males contained less energy in the low-frequency range and more energy in the mid 500-1,000 Hz range. Playback of large male calls effectively evoked calling in a laboratory population of conspecific males. However, small male calls failed to elicit calling because much of the energy in their calls was concentrated in the mid-frequency range which can inhibit the lowfrequency fibers. Thus, detection of the advertisement call seemed to involve excitation of both low-and high-frequency tuned fibers.
Findings similar to those from studies on the bullfrog were reported for the green frog, Rana clamitans (Capranica, 1965; Sachs, 1964) . Sachs (1964) reported both complex and simple units. The complex units of the VIIIth nerve were sensitive to frequencies of approximately 200-1,000 Hz, with a 200-450 Hz excitatory lowfrequency range and an inhibitory interaction occurring over a 500-1,000 Hz mid-frequency range. The simple units were tuned to a 650-1,500 Hz high-frequency range. Using the species' advertisement call, Capranica (1965) performed playback experiments to laboratoryheld green frogs at low to moderate playback levels. He found that both high and low frequencies must be simultaneously presented in the call in order to optimally stimulate calling by the males. Capranica suggested that small male calls contain significant energy in the middle (inhibitory) frequency range such that neural suppression of the low-frequency sensitive fibers resulted in the auditory nerve of neighboring conspecifics.
Our study of the green frog was initiated to: 1) investigate a possible correlation between a caller's body size and his call's "low-frequency amplitude/mid-frequency amplitude" ratio, and 2) investigate whether the agonistic responses of free-ranging males are greater to the playback recording of a larger adult male call than that of a smaller adult male. If the advertisement call of small adult males is not as effective a stimulus as the advertisement call of larger males, then this could have a significant impact upon the ability of smaller adult males to obtain and hold territories.
MATERIALS AND METHODS
The acoustical characteristics of calling male Rana clamitans and the response of territorial male green frogs to a playback of their advertisement call were determined from subjects at five pond sites near Blacksburg, Montgomery Co., Virginia during the summers of 1974-1976.
Recording procedure.-Frogs were initially located with the red light of a headlamp, and approached with as little disturbance as possible. The microphone, mounted on a pole and fitted with a 5 m cable, was placed approximately 0.3 m in front of the subject. The observer then retreated several meters and waited for the frog to resume calling. This usually took 5-10 min.
After a frog's calls were recorded, the subject was captured, toe clipped (Martof, 1953) , and its snout-vent length measured (Jenssen, 1968) . The frog was then released at its capture site.
The calls were recorded with a Uher (Model 4000 IC) tape recorder, using a tape speed of 19 cm/s, and a dynamic pressure type microphone (Uher, Model M514). Their respective flat (+4-6 dB) frequency responses were 40 Hz-20 kHz and 40 Hz-14 kHz; both were more than adequate for accurately recording the calls.
The green frog's call is of such short duration that particular care had to be taken when setting the recording level with the VU meter on the recorder. While this meter could not follow the level of the call accurately, its maximum deflection did give some indication of the peak sound level in the call. The recording level was set such that the VU meter needle just reached the zero position at the peak of its swing when the call was recorded. Later, careful examination of the recorded waveforms, using an oscilloscope in the Noise Control Laboratory of the Mechanical Engineering Department, showed no clipped signals using this technique, and all recordings were well above background noise level.
As a further check, field recordings of a calling male were made using the above Uher tape recorder and microphone along with a General Radio (GenRad) Model 1560-P40 microphone and a General Radio (GenRad) Model 1925 Data Recorder. This GenRad recorder is designed for acoustical measurement work and contains step attenuations and a manual reset clip indicator light. The recorder was calibrated before the recording session at five frequencies using a GenRad Type 1562-A calibrator. The GenRad microphone was taped to the pole next to the Uher microphone, with an intervening foam rubber pad to isolate the microphones from vibration.
Simultaneous recordings were made of a frog's calls with both recorders at a pond close to a 110 V source for the GenRad equipment. ysis system. The pretriggering and sample rate settings were chosen to place the call in the approximate center of the sampled data so the transformation to the frequency domain could be carried out. Careful comparisons of both time histories and the frequency analyses of the calls showed only miniscule differences between the Uher and GenRad systems, confirming the accuracy of the Uher data.
Because the field recordings using the Uher system were made at a distance of about 0.3 m from each subject, there was concern that nearfield effects might have influenced the recorded calls. Of particular concern were sounds ranging from 200-1,500 Hz. At these frequencies the wavelengths are much greater than any dimension of the frog, so that the frog appears to be an equivalent simple spherical point source at reading distances much greater than the "radius" of the frog. At a distance of 0.3 m, the pressure and velocity waves will thus be nearly 90 degrees out of phase; it was important that the recording be done with a microphone which was only sensitive to pressure, and not to pressure gradient or velocity. The Uher microphone design meets this requirement. As a further check for possible near-field effects, simultaneous recordings with both Uher and GenRad microphones and recorders were made at distances of 0.15, 1, 2 and 3 m from a calling frog. These calls were then analyzed using the ZTL and FFT systems. Again, no significant differences were found between calls recorded at different distances. In fact, aside from the inevitable sound level changes associated with different recording distances, many calls were virtually indistinguishable when studied in either the time or the frequency domain. Particular attention was paid to the lower frequencies relative to high frequencies in this distance comparison, since that is the region where the nearfield effects would be most evident if present.
Some appreciation for comparability of recording quality and absence of near-field effects can be obtained by studying A Poly-Planar speaker (freq. response of 40 Hz-20 kHz) manufactured by Magitran Co. was placed at the water's edge about 3 m from the subject. The subject's vocalizations were recorded for 10 min to establish the frog's baseline behavior. Next, one of the test calls was broadcast for 10 min using the Wollensack recorder (freq. response of 50 Hz-10 kHz). The subject's behavior (e.g., orientation and direction of movement in relationship to the speaker), call types, and frequency of calling were recorded. The male was then captured, toe clipped and SVL measured before releasing at the point of capture.
Again, playback presents another opportu- nity for sound distortion. The Wollensack recorder has continuously variable volume and tone controls and a more limited frequency range than the Uher recorder. A Radio Shack (Realistic Model 33-1028) sound level meter, used for setting playback volume level, has no peak hold capability. To compensate for these limitations, the following procedure was followed. The tone control was centered, marked and never changed. Next the volume level was set at a sound level subjectively equivalent to that of a calling frog using the Radio Shack sound meter. Playback at this setting in the field caused the Radio Shack meter to "bounce" to about 75 dB when positioned 3 m from the speaker. The volume control knob was then marked and maintained at this level for all playback sessions. As a check, the Wollensack recorder and Poly-Planar speaker were taken into an anechoic chamber in the Noise Control Laboratory. In this environment a maximum 75 dB value was obtained on the Radio Shack meter at 2.75 m from the speaker. To evaluate this reading, a Bruel and Kjaer Model 2301 precision sound level meter with peak holding capability registered 89 dB at 2.75 m from the speaker. This latter reading is consistent with the peak levels noted when recording green frog calls with the GenRad recorder at a comparable distance. Thus, the subjectively chosen playback level approximated what was actually produced by a calling frog.
The next test evaluated how reliably the playback experiment reproduced the originally recorded sound. Short duration sounds, such as the green frog call, place a severe demand on a speaker. We made a frequency analysis comparison of a playback call captured in the anechoic chamber with the same call taken directly from the Uher recorder (Fig. 4) . While some differences were evident, the overall shape of the frequency response curve was clearly preserved (Fig. 4) .
Sound distortion from the potential irregularity of the acoustical environment in the field was negligible since the subjects were situated at the edges of the ponds which were relatively free of obstructions that would influence the lower frequencies. Furthermore, the distances involved (<3 m) meant that atmospheric diffraction and absorption effects were negligible in the frequency ranges of interest. We con- clude that the sound presented to the frogs was a good representation of a real call, both in magnitude and frequency distribution.
Analysis procedure.--The taped vocalizations captured with the Uher system were analyzed with a Kay Elemetric Sound Spectrograph (Model 7029-A). To calculate call duration, a "sonagram" was made which portrays time on the x-axis and frequency on the y-axis. To calculate the relationship of amplitude (dB) and frequency (Hz) within a call, a "section" was made at approximately the call's midpoint. In a section, the sound within a small increment of time is partitioned into its constituent frequencies (displayed on the y-axis) and their corresponding amplitudes (displayed along the xaxis). All audiospectrograms were produced with a narrow band filter and a frequency setting of 40 Hz-4 kHz.
Sonagrams and sections were made for calls from 99 males. The sections were used to locate the frequency with the greatest amplitude within each of three frequency ranges (200-450 Hz, 400-1,000 Hz and 650-1,5000 Hz). For each range, the most prominent frequency component and its amplitude were measured with a gridded plastic overlay.
The calls of 61 of the 99 frogs were also ana- (Figs. 2b, 3b) ; 2) multiple-note Type I calls, the above sound repeated in a two-, three-, four-or five-note call in which each successive note is of a decreasing amplitude (Figs. 5, 6) ; and 3) Type II calls, a sound similar to Type I, but having less distinct harmonics and a more prolonged note duration (Fig. 7) . To evaluate Sachs' data that energy received in the middle range tends to inhibit low-frequency complex fibers (see Introduction), the amplitude was measured (in dB) for the most intense frequency (La) in the low-frequency range and the most intense frequency (L,) in the mid-frequency range for each frog's calls. L2 was subtracted from L1 to compare the relative energy in the excitatory low-frequency range with that in the inhibitory mid-frequency range for each call. To express this difference as a ratio, the logarithmic decibel scale was converted to an intensity ratio: 10exp L1-L2 = 1/I2 = EIR score 10 where I1 is the intensity (W/m2) of L1 and I2 is the intensity of L2. This ratio is the ExcitatoryInhibitory Ratio, we term the EIR score. The calls most likely to be heard by conspecifics should be those in which L, -L2 > 0 or where EIR > 1; calls with these acoustical qualities are produced by the larger adult males (Fig. 8) .
A positive and statistically significant correlation (r = .70, P < .001) resulted when comparing snout-vent lengths of males with the EIR scores of their calls (Table 1) . Fig. 8 and the EIR scores of Table 2 also show that calling males fall into three classes: 1) "inhibitory" callers (SVL 51-65 mm, EIR < 1), 2) "transitional" callers (SVL 66-80 mm, EIR = 1-7) and 3) "excitatory" callers (SVL 81-100 mm, EIR > 10). Specifically, as adult frogs become larger, the amplitudes in the low-frequency range increases while the amplitudes decrease in the middle range. Other features of call quality covaried with the caller's snout-vent length (Tables 1,2). The frequency of the strongest or most prominent component in the high range increased with body size (r = .60, P < .001), while its relative amplitude decreased (r = -.40, P < .001), being 500-700 Hz in small adult males (SVL 51-60 mm) and grading to 300 Hz in the largest males (SVL 96-100 mm) (Fig. 9) . Ambient temperature did not seem to have an appreciable effect on the calls. The dominant frequencies for 22 males of the most numerous size class (SVL 81-85 mm) were correlated with air temperature (subjects were emerged or entirely out of the water) with no significant results (r = .32, P > .10). Furthermore, the call duration was almost constant for all males, having approximately a 0.2 + SE .003 s duration.
Multiple-note Type I and Type II calls.-The multiple-note Type I calls of 50 males were recorded and analyzed. With the exception of duration, there were essentially no differences between the measured acoustical properties of the single-note calls and the notes comprising the multiple-note calls (Table 3) . It was the inter-note durations which showed the most variation.
The Type II calls are quite different from Type I calls in sound quality (Figs. 2, 3, 5-7) . In comparison to Type I calls, the Type II calls (Figs. 2, 3) . These test calls are subsequently referred to as the "EIRO.2" call and the "EIR33" call.
The vocal responses of the subjects were evaluated by comparing the call types and their frequency of occurrence during a 10 min baseline period with the vocal behavior produced during a 10 min test period when the test call was broadcast from a distance of 3.0 m from the subjects. Vocal responses consisted of no significant change from baseline behavior, or increasing or decreasing numbers of single-note Type I, multiple-note Type I and Type II calls during the test period. In addition, approaches by the subjects toward the speaker during the test period were also scored.
Baseline data show that single-note Type I calls predominated over the multiple-note Type I calls and especially over the Type II calls (Fig.   10A) . The large male frogs of the sample (SVL > 81 mm) produced more calls than the smaller adult males (SVL < 81 mm). Large frogs performed 35% more single-note calls and almost 500% more multiple-note calls than the smaller males (Fig. 10A) .
When the test calls were broadcast, there was a dramatic change in the vocal behavior of the subjects (Fig. 10B, Tables 4, 5 ). Type II calls by small and large males increased 1,000% and 750% over the baseline levels, and small males produced 350% more multiple-note calls than during their baseline period. Both of the test calls produced statistically significant changes in the vocal behavior of the recipient males (Table  6 ). This verifies that the males could hear a call with a low EIR score, and they were responding to the EIRO.2 call as if it were a conspecific male. Large and small adult males responded differently during playback. To the EIRO.2 call, large males performed significantly fewer single-note calls than during baseline observations, and smaller males produced significantly more multiple-note Type I and Type II calls (Table  6 ). To the EIR33 call, small males again responded with more multiple-note calls than during their baseline period, while larger males gave significantly more Type II calls (Table 6) . This difference is size-related responses includes the number of males who approached the speaker. The EIRo.2 and EIR33 calls elicited about the same number of approaches by small males (23% and 20%, respectively). However, 55% and 90% of the large males approached the EIRO.2 and EIR33 sound source, respectively. This suggests that large males are much more likely than small males to physically meet with an intruder, especially if the intruder is a large male (i.e., more important competitor).
Fighting behavior.--Physical encounters observed in the field followed a similar pattern which can be generalized by the following scenario. An intruder enters the area of a known resident and moves within 3-4 m of the resident. Both males perform single-note calls, progressing to multiple-note calls. As one male shifts to multiple-note calls, the other male follows in kind. The intruder moves toward the resident who responds by orienting toward the intruder. The resident then rapidly advances toward the intruder, making loud splashing noises. After a brief period, the resident begins Type II calling while the intruder continues to give single-note and multiple-note Type I calls. The resident again moves rapidly in a splashing manner to (Though not noted in our observations, a Type III call has been recorded at this point in the encounter [Wells, 1978] .) within several centimeters of the intruder. Both frogs give Type II calls. (See also Wells [1978] for an additional vocalization within this context.) Next they jump at each other, bounce off, re-orient and lunge again. They clasp forearms in a bipedal wrestling stance and grapple while emitting gutteral noises. When the males break their holds, it is usually either the smaller or the nonresident frog which swims several meters away and remains silent. The winner resumes Type I calling.
DISCUSSION
The results of our study unequivocally support past inferences (Capranica, 1965; Oldham, 1967 ) that call frequency in green frogs is related to the body size of the caller. As in some other anuran species (Blair, 1955a (Blair, , b, 1958 Bogert, 1958; McAlister, 1961) , it was found that the dominant frequency of the green frog advertisement call was negatively correlated with the caller's snout-vent length. Also correlated with caller's size was a shift in the energy distribution among the call's low-(200-450 Hz) and middle-(500-1,000 Hz) frequency ranges, such that EIR scores were positively correlated with snout-vent length.
From the early neurophysiological evidence of Sachs (1964) and Capranica (1965) , it might be expected that the calls of small males (e.g., EIRO.2 call) would have sufficient energy in the mid-frequency range to block the call's perception by conspecifics due to inhibition of the complex low-frequency fibers of the auditory nerve. However, the EIRO.2 call caused highly significant changes in recipient behavior. Subjects (both large and small males) responded to the small-male stimulus as if a conspecific male were vocalizing within their territories.
Our behavioral data do not support a traditional view that the male auditory system is functioning solely in a "lock-and-key" relationship with the large male call characteristics. More recent neurophysiological data from ranids have shown that the amphibian papilla also contains non-inhibitable fibers tuned to the middle frequencies of the call; in fact, these constitute a third type of auditory fiber in the VIIIth nerve (Capranica, 1976) . All three fiber types (inhibitable low-frequency, non-inhibitable mid-frequency, and non-inhibitable high-frequency fibers) of the two auditory papillae project to a thalamic auditory center. Therefore, the call stimulus is not simply processed by a receptor filter. The sensory output from the ear seems to receive additional processing in the central nervous system (CNS), where suspected ratio detectors (R. R. Capranica, pers. comm.) are responsive to mid-and high-frequency as well as low-and mid-frequency energy combinations (Capranica, 1978) . This signal analysis capability at the receptor and CNS level suggests that a conspecific recipient could easily differentiate between a small and large caller, and may even be able to discriminate between calls of a neighbor and a strange intruder.
The playback experiments suggested a response sequence to the territorial behavior of the male green frog (single-note Type I call -> multiple-note Type I call --Type II call -> approach -> physical contact). The single-note call serves to establish the location of a calling male for neighboring conspecifics (advertisement call). The multiple-note Type I call is probably a more agonistic form of the single-note advertisement call, and may be used during non-directed calling by frogs with stable territories. The Type II call appears to be a strong agonistic signal to encroaching males. The "approach" is not only an escalating aggressive behavior, but it is frequently conducted with exaggerated splashing. Considering that this noise could attract predators such as turtles (e.g., Chelydra serpentina), splashing probably has a positive value by being an intimidating factor emphasizing the resident's approach. If none of the above behaviors discourage an intruding male, the wrestling contest establishes who stays.
The extent to which the above sequence is used is related to the body size of the resident male and the acoustical characteristics of the intruder's call. When responding to the EIRO.2 test call (i.e., simulation of a small encroaching male), small males (SVL < 81 mm), and especially large males (SVL > 81 mm), decreased their baseline rate of Type I calling. The small males showed a highly significant shift to multiple-note Type I and Type II calls, while the larger males tended to be less vocal. The small males, in response to the EIRo.2 call, showed an obvious increase in agonistic vocalizations (ritualized aggression) which was not shared by the large males. However, large males were responding to the EIRo.2 call as a potential conspecific threat because 55% of the large males approached the speaker as compared with only 23% of the smaller male sample. When presented with the EIRo.2 call, large males either remained in place or sought out the "intruder" with little use of the more aggressive vocalizations.
When the stimulus was the EIR33 test call (i.e., simulating a large encroaching male), small males only increased the number of multiplenote Type I calls. They did not use the more aggressive vocalizations to the same extent when responding to the EIR33 call as they did to the EIRo.2 call. The large males, however, showed a much greater frequency of aggressive behavior toward the EIR33 call than the smaller subjects, produced a highly significant increase in Type II calls, and almost always approached the speaker.
In summary, small males demonstrated more agonistic behavior to the small-male test call and large males were more aggressive in response to the large-male test call. We conclude that the acoustical quality of the Type I call contains more information than just the species identification; it provides a means by which a conspecific can estimate the size of the caller. Our data indicate that territorial males tend to alter their aggressive behavior in response to an intruder's call characteristics.
OVERVIEW
Recent ethoecological studies (Emlen, 1968 (Emlen, , 1976 Howard, 1978a, b; Ryan, 1980a; Wells, 1977a Wells, , b, c, 1978 Wiewandt, 1969) have begun to document a relatively complex social organization for the ecologically similar green frog and the bullfrog. The picture which is emerging is that these prolonged breeders are polygynous. Through intense agonistic interactions, males defend calling and oviposition sites. The females, as they approach the moment of oviposition, move singly among the calling males, actively choose their prospective mates, and initiate the amplexus sequence. The larger of the males are the more frequently solicited. These males also tend to occupy the "high quality" oviposition sites (Wells, 1977c) in which early embryo mortality is lowest (Howard, 1978a) .
Call characteristics can serve a communicatory function at two places within the above social scheme. The first is during male-male encounters for territories. Selection should favor the recognition of signals which would predict the strength and size of a potential antagonist, and cannot be varied by deceptive conspecifics (Dawkins and Krebs, 1978) . This selective pressure should be enhanced during the prolonged breeding season, apparently a period of physiological stress. During the three month breeding season, adult males eat proportionately less and have proportionately lighter livers than either adult females or juveniles (Jenssen, 1972) . They are also known to lose weight during this period (Wells, 1978). Thus, ritualized behavior, which would circumvent the energy expenditure and possible injury associated with physical contests, should increase the fitness of one or both interacting males.
Our data and the above interpretation closely fit an animal conflict model based on individual selection (Parker, 1974) . Parker theorized that the relative strengths of the combatants are mutually estimated during the ritualized portion of an aggressive encounter (process of assessment). Wells (1978) suggested that assessment by green frog males could take place during the physical contact (i.e., wrestling) phase of the agonistic encounter. However, as our data indicate, this assessment process begins sooner with the broadcast of the initial acoustical signals. A similar mechanism of assessment during conventional displaying has been identified in Bufo bufo (Davies and Halliday, 1978 ).
Parker's model predicts that the signals used for assessment should serve as a probabilistic indicator of the winner should the encounter escalate to injurious attack. When the combatants are closely matched (as determined by assessment), conventional displaying should lead to physical contact and possible injury. If the opponents are unevenly matched, the higher ranking individual should usually be prepared to escalate, while the lower ranking individual should withdraw before or during initial escalation. We have demonstrated a mechanism for assessment in the acoustical characteristics of male green frog calls. Furthermore, the male responses observed during the playback experiments corroborate the predictions of the Parker model. The second social context in which call characteristics can have a communicatory function involves mate selection. The same acoustical properties which convey the size of a potential antagonist in male-male interactions should also signal a caller's relative body size to gravid females. Acoustical characteristics, such as that measured by a caller's EIR score, should give a female her first approximation about a male's potential or relative fitness (also a process of assessment); such a system has recently been documented for the neotropical frog, Physalaemus pustulosus (Ryan, 1980b) . In green frogs a large EIR score would indicate a large and longlived male. Longevity could indicate a favorable genotype. Larger males probably also hold a more favorable oviposition site. We hypothesize that females should be attracted to those males with large EIR scores to their calls, and then, as Wells (1977a) suggested, make their final mate selection based on quality of the male's territory.
